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Oxidative stress leads to T-cell hyporesponsiveness or death. The actin-binding protein coﬁlin is oxidized during oxidative
stress, which provokes a stiff actin cytoskeleton and T-cell hyporesponsiveness. Here, we show that long-term oxidative stress
leads to translocation of coﬁlin into the mitochondria and necrotic-like programmed cell death (PCD) in human T cells. Notably,
coﬁlin mutants that functionally mimic oxidation by a single mutation at oxidation-sensitive cysteins (Cys-39 or Cys-80)
predominately localize within the mitochondria. The expression of these mutants alone ultimately leads to necrotic-like PCD in
T cells. Accordingly, coﬁlin knockdown partially protects T cells from the fatal effects of long-term oxidative stress. Thus,
weintroducethe oxidationandmitochondrial localizationofcoﬁlin asthe checkpointfornecrotic-likePCD uponoxidativestress
as it occurs, for example, in tumor environments.
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The balance between T-cell activation and T-cell inactivation
is important for physiological immune responses. The micro-
environment has a decisive part in controlling the T-cell-
mediated immune response. Oxidative stress, for example,
induces T-cell hyporesponsiveness, which is harmful in
cancer settings,
1 but auxiliary in controlling autoimmune
diseases, for example, arthritis.
2 In the latter case, production
of reactive oxygen species (ROS), especially through
neutrophils and macrophages, is thought to control self-
reactive T cells. Thus, the release of ROS is not only per se
harmful, but also an important control mechanism for
T-cell-mediated immune responses.
T cells produce low amounts of hydrogen peroxide (H2O2)
upon TCR triggering, which even facilitates T-cell activation.
3
However, T cells can only cope with a certain amount of
ROS.Highconcentrationsofpro-oxidants,forexample,H2O2,
ultimately lead to T-cell hyporesponsiveness
4 or death.
5 The
molecular mechanisms that control the T-cell fate upon ROS
exposure are largely unknown. Kaminski et al.
6 showed that
the mitochondria has a role in ROS-mediated upregulation
of FasL. We have recently shown that coﬁlin is a direct
target of ROS in primary human T cells.
4 Here we show
that in oxidative stress conditions, oxidation of coﬁlin leads
to its mitochondrial translocation and induces necrotic-like
programmed cell death (PCD).
Coﬁlin is a key regulator in dynamic reorganization of the
actincytoskeletonduringT-cellactivation.Thebindingofcoﬁlin
to actin leads to depolymerization or severing of existing actin
ﬁlaments. The latter allows elongation of the newly generated
actinﬁlamentsandthusanetactinpolymerization.Activationof
coﬁlin is required for formation of the immune synapse and
T-cell activation (reviewed in Samstag et al.
7). If coﬁlin is
oxidized, it will no longer be able to depolymerize actin
ﬁlaments, although it still associates with F-actin. Mechanis-
tically, coﬁlin oxidation induces a conformational change and
the loss of its phosphorylation.
4 The inability of oxidized coﬁlin
to control actin dynamics eventually leads to a stiff actin
cytoskeleton and concomitantly to T-cell hyporesponsiveness.
Therefore, T-cell hyporesponsiveness induced by oxidative
stress can at least in part be explained by coﬁlin oxidation.
Although it is well accepted that oxidative stress can induce
T-cell death, there are ambiguous data with regard to the
type of death the cells are committed to.
5,8 Here, we show
that long-term oxidative stress induces the mitochondrial
localization of coﬁlin, which is sufﬁcient to induce necrotic-like
PCD. Accordingly, knockdown of coﬁlin protects T cells in part
against the detrimental effects of H2O2. Thus, oxidation and
mitochondrial transport of coﬁlin represent checkpoints that
determine T-cell fate in oxidative stress conditions.
Results
Long-term oxidative stress leads to caspase-independent
death of primary human T cells. To analyze cell death
induction through exposure of ROS in primary human
T cells, we ﬁrst compared T cells incubated with 100mM
H2O2 for 2h (short term) with T cells incubated for 26h
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www.nature.com/cddis(long term). Cell death was analyzed via ﬂow cytometry using
Annexin V and a viability nuclear dye (7-AAD) (Figure 1a
and b). There were only a few dead cells after a 2 h incu-
bation with H2O2 (7.5±0.52%), whereas long-term applica-
tion of H2O2 (26h) led to an immense increase in dead cells
(86.5±4.8%).
To determine the threshold for the induction of cell death
upon oxidative stress, we exposed T cells to increasing
levels of H2O2 for 26h. Interestingly, only a small number of
dead cells were found in samples with H2O2 concentrations
lowerthan12.5mMH 2O2(e.g.21±1.8%deadcellsat12.5mM
H2O2) (Figure 1c). On the contrary, substantially more cell
death was induced in the presence of 50mM (86.4±6.5%
dead cells) or 100mMH 2O2 (92.6±3.1% dead cells)
(Figure 1c). In parallel experiments, we scrutinized whether
cell death induced during oxidative stress depended
on caspase activation. However, the broad caspase inhi-
bitor Z-VAD-fmk did not inﬂuence cell death of oxidatively
stressed T cells (Figure 1c), although this inhibitor reduced
CD95-triggered classical apoptosis in T cells (Figure 1d).
These experiments clearly show that long-term oxidative
stress induced a caspase-independent type of cell death in
primary human T cells.
Long-term oxidative stress induces necrotic-like cell
death in T cells. The type of cell death shown above
could be of type I (apoptosis or apoptotic-like PCD), type II
(autophagy) or type III (necrotic-like PCD or accidental
necrosis). Type I can be distinguished from type II and type
III by analyzing the morphology of the DNA/nuclei. Thus, to
dissect the different types of cell death, we ﬁrst analyzed
the morphology of the DNA/nuclei. The morphology of
stained nuclei was evaluated on the one hand by visual
consideration, and on the other hand by an objective
quantiﬁcation of the area and bright detail intensity of the
nuclei stain using multispectral imaging ﬂow cytometry
(MIFC).
9 The nuclei of long-term oxidatively stressed
T cells showed hardly any difference in their morphology
Figure 1 Long-term oxidative stress induces caspase-independent T-cell death in primary human T cells. (a) Primary human T cells (PBTs) were incubated with 100mM
H2O2 for theindicatedtimepoints. Cell death was quantiﬁed with AnnexinV (y axis) and7-AAD (xaxis). The upper left quadrantshows theearly apoptoticcells and theupper
right quadrant shows the late apoptotic cells. (b) The graph shows a quantiﬁcation of late apoptotic cells as shown in (a)( n¼3; S.E.M.) (***Po0.001; NS: not signiﬁcant).
(c) PBTs were treatedwith the indicatedconcentrations of H2O2 for 26h in the presence (black columns) or absence (white columns) of the pan-caspase inhibitor Z-VAD-fmk
(20mM).CelldeathwasanalyzedusingAnnexinV/7-AADstainingasdescribedin(a)and(b)(n¼3;S.E.M.).(d)JurkatTcellsweretreatedwith1mg/mlCD95antibodyinthe
presence or absence of Z-VAD-fmk. Cell death was assessed as described above
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Cell Death and Diseasecompared with untreated T cells (Figure 2a and b). Apop-
totic cells with condensed chromatin have a smaller area
of nuclei staining and the chromatin exhibits increased bright
detail intensity. The latter was shown in parallel experiments
where classical apoptosis was induced by CD95 (Figure 2c).
The analysis of nuclear area and bright detail intensity
showed that CD95 triggering led to a condensation of
chromatin in 38.3%. As expected, these changes in
morphology of the nuclei could be inhibited with Z-VAD-
fmk, which conﬁrms that this degradation process depended
on caspases (Figure 2c and d).
Toanalyzewhetheroxidativestressinducedautophagy,we
performed transmission electron microscopy (TEM).
Figure 2e shows representative TEM pictures of control cells
or two stages of oxidatively stressed T cells (Figure 2e). TEM
analysis did not provide any evidence for autophagosome
accumulation in oxidatively stressed T cells, which ruled out
the possibility of autophagy. Furthermore, there was no
evidence of elevated chromatin condensation in either of the
cells, which conﬁrms the data obtained with MIFC.
T-cell death of type III is associated with mitochondrial
swelling and disintegration.
10,11 The mitochondria of late-
stage oxidatively stressed T cells indeed showed a swollen
and disintegrated phenotype by TEM (Figure 3a). To quantify
this mitochondrial enlargement, we measured the mitochon-
drial area in a high number of T cells using MIFC. Indeed, the
total area of mitochondria increased by about 30% from
8.43±0.74mm
2 in control cells to 11.01±0.86mm
2 in oxida-
tively stressed cells (Figure 3b). Moreover, we analyzed the
membrane potential (DCm) of the mitochondria under long-
term oxidative stress using tetramethylrhodamine (TMRE)
(Figure 3c and d). The mitochondrial membrane potential
decreased strongly when cells were exposed to concentra-
tions of H2O2 above 50mM. Again, caspase inhibition did not
signiﬁcantly inﬂuence reduction of the mitochondrial mem-
brane potential in oxidatively stressed T cells. Thus, oxidative
stress induced necrotic-like PCD or accidental necrosis.
Coﬁlin translocates to the mitochondria under oxidative
stress conditions. We have recently shown that coﬁlin is
a major target of H2O2 in human T cells. Thus, pro-oxidants
lead to the formation of an intramolecular disulﬁde bond
between Cys-39 and Cys-80.
4 Coﬁlin was reported to
translocate to the mitochondria and mediate cell death
of HL60 cells in response to staurosporine treatment by an
as-yet unknown mechanism.
12 As staurosporine increases
intracellular ROS levels,
13 and coﬁlin is oxidized under
oxidative stress conditions,
4 it was tempting to speculate
that the oxidation of coﬁlin may be the key for its subsequent
translocation into the mitochondria and induction of cell
death under H2O2-induced oxidative stress conditions in
primary human T cells. Indeed, coﬁlin colocalized with the
mitochondria after treatment with 50mMH 2O2 as shown
by confocal laser scan microscopy (Figure 4a). Moreover,
cryo-immunogold electron microscopy revealed that coﬁlin
could only be found inside the mitochondria of oxidatively
stressed T cells, whereas it was at the boundaries of the
mitochondria both in the absence and presence of oxidative
stress (Figure 4b). To put the mitochondrial localization of
coﬁlin into more quantitative terms, we used a logarithmic
rescaling of the Pearson’s correlation coefﬁcient, that is
a similarity score using MIFC,
14–17 for the respective T-cell
populations (Figure 4c and d). In contrast to confocal laser
scan or cryo-immunogold electron microscopy, this method
allows an unbiased batch calculation of the coﬁlin localization
in up to 10000 cells. Again, a higher similarity score for coﬁlin
and mitochondria was found in oxidatively stressed T cells
compared with their unstressed counterparts (Figure 4c
and d). Taken together, these data show that a fraction of
coﬁlin translocated into the mitochondria under long-term
oxidative stress conditions.
Coﬁlin mutants that mimic oxidation translocate to the
mitochondria and induce caspase- and PARP-indepen-
dent cell death in primary human T cells. To analyze the
role of coﬁlin oxidation for its mitochondrial translocation
and the induction of cell death, we mutated the oxidation-
sensitive cysteins of coﬁlin.
4 According to previous data, a
mutation can lead to either oxidation-mimicking mutants, if
cysteins are exchanged by glycine,
4 or oxidation-resistant
mutants bearing alanine at the corresponding cysteins.
18
To test this in parallel, we transfected wt-, G39- (Cys-39 to
Gly-39) and A39-coﬁlin (Cys-39 to Ala-39) as eGFP-tagged
versions in T cells. As expected, oxidative stress induced cell
death in wt-coﬁlin-expressing T cells. However, G39-coﬁlin
induced T-cell death even in the absence of oxidative stress
(Figure 5a). The amount of dead G39-coﬁlin-expressing
T cells could be increased by H2O2 to the same level as
observed for H2O2-treated wt-coﬁlin-expressing T cells.
Unlike G39-coﬁlin, A39-coﬁlin expression itself hardly
induced any cell death. The number of dead T cells was
even signiﬁcantly reduced if oxidatively stressed T cells
expressed A39-coﬁlin. These data suggest that a mutation to
alanine interferes with the oxidation of coﬁlin, whereas a
mutation to glycine functionally mimic oxidized coﬁlin.
4 The
substitution of the second cystein involved in disulﬁde bond
formation (Cys-80) by glycine (G80-coﬁlin)
4 was also able
to induce PCD in human T cells, being even more efﬁcient
than G39-coﬁlin (Figures 5b and e). As observed for H2O2
treatment, the membrane potential of mitochondria
decreased after G39-coﬁlin and G80-coﬁlin expression
(Figure 5c). Interestingly, although these coﬁlin mutants
induced disintegration of mitochondria and provoked Z-VAD-
fmk-sensitive activation of caspase-3 (Figure 5d), they did
not induce apoptosis. Rather, in line with the ﬁndings
obtained upon long-term oxidative stress, the cell death
induced by the expression of these coﬁlin mutants was
resistant toward such caspase inhibition (Figure 5e).
Poly-(ADP-ribose) polymerase-1 (PARP) is an enzyme that
was recently shown to mediate mitochondrial disintegration
and cell death after oxidative stress.
8,19 Therefore, we tested
whether PARP intervenes in the oxidized coﬁlin death
pathway. However, although inhibition of PARP with PJ-34
partially reduced cell death induced by H2O2 (Figure 5f),
PJ-34 did not inﬂuence cell death in T cells induced through
theexpressionofG39-orG80-coﬁlin(Figure5g).Thus,PARP
does not seem to act downstream of oxidized coﬁlin. This
information leads us to think that PARPs’ major inﬂuence
on H2O2-triggered PCD probably occurs in a parallel way to
the coﬁlin oxidation pathway.
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Cell Death and DiseaseFigure 2 Long-term oxidative stress leads to a necrotic-like cell death. (a, b) PBTs were incubated without (a, upper panel) or with 50mM( a, lower panel) H2O2. A total of
10000 cells were acquired using an ImageStream. The representative pictures show the dark ﬁeld or side scatter (SSC, cyan), nuclear stain (green) and bright ﬁeld. The dot
plotsof thecell populations on the right-hand side of (a) displaythe calculationof the areaof the nuclearfragments (y axis) and bright detailintensity (x axis) on the single-cell
level.Cellswithnuclearfragmentsdisplayhighernuclearbrightdetailintensityandsmallernuclearfragmentsarea.Thenuclearfragmentationisshownaspercentofcells(for
details,seeMaterialsandMethods).Aquantiﬁcationofthreeindependentexperimentsisshownin(b).(c,d)JurkatTcellsweretreatedwithCD95inthepresenceorabsence
of Z-VAD-fmk. Thenuclearfragmentationwas assessedfor 10000cellsas in(a)and(b). (e) PrimaryhumanTcells wereincubatedwithout(i and iv)or with (ii,iii, v,vi) 50mM
H2O2 for 26h. Thereafter, cell morphology was analyzed using transmission electron microscopy (TEM). The lower lane shows pictures with higher magniﬁcations
of the respective cells in the upper lane. The bar in the lower lane corresponds to 500 and 1000nm in the upper lane. The middle panel (ii and v) shows cells with a swollen
phenotype of mitochondria. Shown are representative pictures taken from two independent experiments (M, mitochondria; N, nuclei; G, Golgi apparatus)
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Cell Death and DiseaseFrom the morphological point of view, G39- and G80-coﬁlin
behavedlikeendogenousorwt-coﬁlin uponH2O2treatmentof
T cells. Thus, G39- and G80-coﬁlin predominantly colocalized
with the mitochondria (Figure 6a). The similarity score of
the coﬁlin constructs G39- and most notably G80-coﬁlin
and mitochondria was increased compared with wt-coﬁlin
(Figure 6b). Interestingly, mitochondrial size increased by
50% in G80-coﬁlin-expressing cells compared with wt-coﬁlin-
expressing cells (Figure 6c). As observed for long-term
oxidatively stressed T cells, the morphology of the nuclei
was indistinguishable between wt-, G39- and G80-coﬁlin-
expressing T cells (Figure 6a and d). These results show that
the expression of cystein-to-glycine mutants of coﬁlin induced
the same phenotype as observed for long-term H2O2
exposure and thus mimicked oxidative stress-induced necro-
tic-like PCD.
Primary human T cells are of small size and eGFP, which
was fused to the coﬁlin mutants, tends to disperse throughout
the cells. The similarity score for wt-coﬁlin is therefore higher
than that observed for endogenous coﬁlin. To rule out
artiﬁcially high similarity scores, we compared the mito-
chondrial localization of wt-, G39- and G80-coﬁlin in COS
cells using confocal laserscan microscopy (Supplementary
Figure 2). We could conﬁrm the results obtained for T cells
with this high-resolution technique. Both G39-coﬁlin and
G80-coﬁlin strongly localized in the mitochondria, whereas
wt-coﬁlin was evenly distributed throughout the cell.
Taken together, the expression of coﬁlin with a single point
mutation at either Cys-39 or Cys-80 was sufﬁcient to induce
necrotic-like PCD. The phenotype of T cells expressing
G39- and G80-coﬁlin resembled the phenotype of long-term
oxidatively stressed T cells.
Heat-shock cognate protein 70 associates with coﬁlin
under oxidative stress conditions. To get mechanistic
insights into how the mitochondrial localization of coﬁlin
under long-term oxidative stress is regulated, we expressed
FLAG-tagged wt-coﬁlin G39- or G80-coﬁlin in Jurkat T cells.
Transfected cells were lysed and cDNA-expressed coﬁlin
was immunoprecipitated by its FLAG-tag (Figure 7a and b).
Immunoprecipitated proteins were analyzed by SDS-PAGE
followed by mass spectrometry (Figure 7a). Wt- and G39-
coﬁlin interacted equally with actin. This is in line with the
ﬁnding that oxidation of coﬁlin did not inhibit actin binding.
4 In
contrast to wt-coﬁlin, a protein of 70kDa, identiﬁed as
heat-shock cognate protein 70 (HSC70), co-precipitated
with G39-coﬁlin. Binding of HSC70 to G39- and G80-coﬁlin
was conﬁrmed by immunoprecipitation and western blot
analysis of coﬁlin mutants (Figure 7b). A co-precipitation of
HSC70 could be observed for both G39- and G80-coﬁlin.
Figure 3 Mitochondrial disintegration upon oxidative stress. (a) Transmission electron microscopic pictures of the mitochondria from the control or oxidatively stressed
(50mMH 2O2) T cells. Shown are representativepictures taken from two independent experiments (M, mitochondria).(b) The area (in mm
2) of the mitochondria was analyzed
using MIFC and is shown for untreated (gray histogram) and hydrogen peroxide-treated cells (black histogram). The graph shows the mean area of the mitochondria from
untreated or hydrogen peroxide-treated T cells (n¼3; S.E.; *Po0.05). (c, d) The mitochondrial membrane potential (DCm) of unstressed (left histograms) or H2O2-stressed
cells was assessed using TMRE. A decrease in the TMRE ﬂuorescence corresponds to a loss of the membrane potential of the mitochondria. A quantiﬁcation of three
independent experimentsisshown in(c).Theblackbars representT cellsthatwerepre-treatedwith Z-VAD-fmk (n¼3;S.E.M.).NotethatexperimentsusingDilC1(5)instead
of TMRE gave essentially the same results (Supplementary Figure 1)
Coﬁlin controls necrotic-like PCD
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Cell Death and DiseaseAs G39- and G80-coﬁlin represent oxidation-mimicking
mutants,
4 these results suggested that endogenous coﬁlin may
bind to HSC70 under oxidative stress conditions. To eluci-
date this point, we incubated primary human T cells with 50mM
H2O2for7and24h,respectively,andimmunoprecipitatedcoﬁlin
fromlysatesofthesecells(Figure5c).HSC70indeedassociated
with coﬁlin under oxidative stress conditions. The association
wasmostprominentunderlong-term oxidativestressconditions,
that is, after 24h treatment with H2O2.A na s s o c i a t i o no fc o ﬁ l i n
with HSC70 could also be observed after 7h. However, the
co-immunoprecipitation was very weak compared with 24h
H2O2 treatment and the difference to untreated cells was
not statistically signiﬁcant (Figure 7d). The association of coﬁlin
and HSC70 under oxidative stress could be important for
the mitochondrial import of coﬁlin since HSC70 can chaperon
mitochondrial import.
20,21 Thus, we ﬁnally examined the
subcellular localization of HSC70 under long-term oxidative
stress. Figure 7e shows that the incubation of T cells with 50mM
Figure 4 Coﬁlintranslocatestothemitochondriauponoxidativestress.(a)PrimaryhumanTcellswereincubatedwith(lowerpanel)orwithout(upperpanel)50mMH 2O2.
Thereafter, cells were stained for coﬁlin (red) or mitochondria (MitoTracker, green) and analyzed via confocal laser scan microscopy. Merge displays the digital overlay of red
and green ﬂuorescence. The ﬁgure is representative of three independent experiments. (b) For cryo-immunogold electron microscopy, primary human T cells were either left
untreated(iandiii)ortreatedwithH2O2(iiandiv)andsubsequentlyﬁxedwith2%PFAfor10min.CellswerestainedwithcoﬁlinantiserumcombinedwithproteinAlabeledwith
15nm gold particles. Shown are two example pictures taken from two independent experiments (M, mitochondria; N, nucleus). (c, d) The colocalization of coﬁlin and
mitochondria was evaluated by the calculation of a similarity score of the two probes from untreated (gray histogram) and H2O2-treated (black lined histogram) PBT using
MIFC. The histogram shows the distribution of the similarity within the whole-cell population as in conventional ﬂow cytometry (up to 10000 cells). A score of 1 indicates that
the two probes are uncorrelated, whereas higher numbers indicate a higher degree of similarity. The mean similarity score of four independent experiments is shown in (d)
(n¼4; S.E.M.; *Po0.05)
Coﬁlin controls necrotic-like PCD
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Cell Death and DiseaseFigure 5 Coﬁlin mutants translocate into the mitochondria and induce PCD in primary human T cells. (a) T cells expressing wt-, G39- or A39-coﬁlin were incubated in the
absence (white bars) or presence (black bars) of H2O2. The percentages of dead cells were analyzed as described above (n¼3; S.E.M.;
#Po0.05 compared with wt-coﬁlin
without H2O2;* Po0.05 compared with wt-coﬁlin with H2O2). (b) T cells expressing eGFP-tagged wt-coﬁlin, G39-coﬁlin or G80-coﬁlin were stained for Annexin V (y axis) and
7-AAD(x axis). Thepercentageof late apoptoticcells is depictedin the upper right corner of the dotplot. (c) The mitochondrial membranepotentialwas analyzedin wt-, G39-
or G80-coﬁlin-expressingT cells using DilC1(5) as described(n¼3; S.E.; *Po0.05). Note thatTMRE stainingyielded similar results (notshown). (d, e) Wt-coﬁlin,G39-coﬁlin
or G80-coﬁlin was incubated with (black bars) or without (white bars) Z-VAD-fmk for 26h. The activation of caspase-3 (d) as well as cell death (e) was analyzed using ﬂow
cytometry(n¼3; S.E.M.).(f)PrimaryhumanTcellswereincubatedwiththeindicatedamountsofH2O2for26hinthepresence(blackbars)orabsence(whitebar)of500nM
PJ-34. Cell death was assessed by ﬂow cytometry using 7-AAD and Annexin V. The bars represent the mean of three independent experiments and S.E.M. (g) Coﬁlin
constructs (wt-, G39- or G80-Coﬁlin) were transfected into primary human T cells. The T cells were then incubated without (white bars) or with 500nM (black bars) or with
1000nM (gray bars) of the PARP inhibitor PJ-34. The percentage of dead cells was determined as described above (n¼3; S.E.M.)
Coﬁlin controls necrotic-like PCD
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Cell Death and DiseaseH2O2 for 26h caused a colocalization of coﬁlin, HSC70 and
mitochondrial staining. A calculation of the similarity scores
showed a signiﬁcant colocalization of coﬁlin with the mitochon-
dria and HSC70 (Figure 7f). The colocalization between HSC70
and mitochondria increased upon H2O2 treatment, but did not
reach asigniﬁcant level, suggesting either a partial localization of
the mitochondria and HSC70 or a localization of HSC70 at the
outer membrane of the mitochondria. To analyze this point in
moredetail,we analyzed thesubcellular localizationof HSC70 in
COS cells expressing wt-coﬁlin or the oxidation-mimicking
mutant G39- or G80-coﬁlin using confocal laserscan microscopy
(Supplementary Figure 3). Interestingly, in contrast to wt-coﬁlin-
expressing COS cells, HSC70 enriches at the mitochondrial
boundaries of G39- or G80-coﬁlin-expressing cells, which is
most obvious if the mitochondria were in longitudinal orientation
(Supplementary Figure 3). This localization of HSC70 is in line
with the assumption that HSC70 chaperons the mitochondrial
import of coﬁlin. Moreover, these data explain the small similarity
score of HSC70 and mitochondria in oxidatively stressed T cells
(Figure 7f).
Oxidized coﬁlin mediates cell death under oxidative
stress conditions. To investigate whether coﬁlin and its
mitochondrial localization were responsible for caspase-
independent cell death triggered by long-term oxidative
stress, we knocked down coﬁlin with siRNA (Figure 8a
and b). These coﬁlin knockdown cells as well as control
siRNA-transfected cells were then exposed to H2O2.I n
marked contrast to T cells transfected with control siRNA,
only very few coﬁlin knockdown T cells died under these
conditions (Figure 8c). These ﬁndings show that coﬁlin
has an important role in inducing cell death under oxidative
stress conditions. This, in addition, rules out the possibility
of accidental necrosis after long-term oxidative stress
conditions, as interfering with involved factors can interfere
with oxidative stress-induced cell death.
10
Discussion
The production of ROS inﬂuences the outcome of T-cell
responses. Depending on concentration, exposure time and
microenvironment, the effects of ROS on T cells can be very
distinct.Thus,moderateH2O2generationbyTcellsuponTCR
triggering augments their immune responses,
3,22 whereas
higher concentrations of exogenous H2O2 can either induce
T-cellhyporesponsiveness
4orcelldeath(Hildemanetal
5and
Figure6 Oxidation-mimickingmutantsofcoﬁlintranslocateintothemitochondriaandinduceprogrammedcelldeath.(a)TransfectedTcellswerestainedformitochondria
(red) and analyzed by confocal laser scan microscopy. The eGFP-tagged coﬁlin is shown in green. The localization was analyzed for at least 500 cells per construct using
MIFC.(b)Thecolocalizationofmitochondriaandcoﬁlinwasevaluatedusingthesimilarityscore(MIFCanalysis).Thehigherbackgroundcolocalizationoriginatesfromthehigh
expression levels of the eGFP-tagged coﬁlin constructs as well as the tendency of eGFP to disperse throughout the cell. (c, d) The area and nuclear fragmentation of
eGFP-positive cells was assessed as described above
Coﬁlin controls necrotic-like PCD
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Cell Death and Diseasethis work). This suppression of T cells is obviously harmful
in cancer settings, but can be beneﬁcial in autoimmune
settings.
2,23,24 Yet, only very little was known about the
molecular switch, which serves as the checkpoint for
the distinct consequences, that is, activation versus hypo-
responsiveness or death of T cells. We show that oxidation
Figure 7 Coﬁlin binds to HSC70 under oxidative stress conditions. (a) FLAG-tagged wt- or G39-coﬁlin was expressed in and then precipitated from Jurkat T cells.
Lysates were subjected to PAGE and stained with Coomassie blue. The heavy (50kDa) and light (ca. 25kDa) chains of the precipitating antibody were found in each
lane, including the control (untransfected Jurkat T cells). Bands that were found only in lane 2 (G39-coﬁlin) or lane 3 (wt-coﬁlin) were analyzed using mass spectrometry
and identiﬁed as HSC70 (only present in lane 2) or actin (lanes 2 and 3). (b) Wt-, G39- or G80-coﬁlin was precipitated from Jurkat T cells. The corresponding western
blot was stained for the FLAG-tag (lower part) or HSC70 (upper part). (c, d) PBTs were treated with 50mMH 2O2 for 7 or 24h. Thereafter, cells were lysed and
endogenous coﬁlin was immunoprecipitated. The precipitates were subjected to western blot analysis and stained for HSC70 (upper panel) or coﬁlin (lower panel). The graph
in (d) shows a quantiﬁcation of the HSC70 to coﬁlin ratios of three independent experiments (n¼3; S.E.M.; *Po0.05). (e) The subcellular localization of
HSC70 in long-term oxidatively stressed (lower part) or control T cells (upper part) was analyzed using confocal laser scan microscopy. The white color in the merge of
the stressed cells shows the colocalization of coﬁlin and HSC70 with the mitochondria. The ﬁgure is representative of three experiments. (f) The colocalization of coﬁlin
and mitochondria (upper graph), coﬁlin and HSC70 (lower graph) or HSC70 and mitochondria (central graph) was evaluated by the calculation of a similarity score
of the corresponding probes (n¼3; S.E.M.; *Po0.05)
Coﬁlin controls necrotic-like PCD
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Cell Death and Diseaseand mitochondrial translocalization of coﬁlin leads to a point of
no return by inducing necrotic-like PCD. Coﬁlin is resistant to
low concentrations of H2O2, as they were observed on TCR
triggering.
3,4,22 However, high H2O2 concentrations can lead
to coﬁlin oxidation and result in its mitochondrial localization
and ultimately induces necrotic-like PCD and clearance of
T cells from the site of inﬂammation.
Oxidative stress leads to the oxidation of several cellular
proteins and lipids.
8,19,25,26 Yet, the speciﬁc importance of
coﬁlin for the induction of PCD upon oxidative stress could
be proven by (i) downregulation of coﬁlin with siRNA or
(ii) expression of non-oxidizable coﬁlin (A39-coﬁlin). Both
treatments protect primary human T cells from H2O2-induced
necrotic-like PCD. However, it is worth noting that the
expression of oxidation-mimicking coﬁlin mutants—G39- or
G80-coﬁlin—is on its own sufﬁcient to cause necrotic-like
PCD and vice versa. One may speculate that the differences
in the mutation to alanine or glycine might be caused by the
fact that glycine has a low potential for the formation of
a-helicesandarelativehighpotential toformb-turns,andthus
has a tendency to break the given secondary or ternary
structures. In turn, alanine has a high tendency to stabilize
a-helices and a low tendency to form b-turns. On the one
hand, a mutation to glycine could thus introduce a b-turn,
whereas alanine most likely does not. On the other hand, a
mutation to alanine may inhibit disulﬁde bond formation
without the induction of conformational changes, whereas
a mutation to glycine may force and/or stabilize coﬁlin in
its oxidation-mimicking conformation, which provokes its
mitochondrial translocation.
The mitochondria have an important role in the induction or
ampliﬁcation of apoptotic, apoptotic-like and necrotic-like
PCD. Mechanistically, loss of mitochondrial integrity is the
key step that sentences the cells to death.
27 Under normal
conditions, antiapoptotic Bcl-2 family members, for example,
Bcl-xL, maintain mitochondrial integrity. However, the trans-
location of pro-apoptotic members of the Bcl-2 family, for
example, BAD and BAX, to the mitochondria favors the
formation of permeability transition pores and eventually cell
death. Obviously, the actin-binding protein coﬁlin can act on
the mitochondria as a death-inducing agent that does not
belong to the Bcl-2 family.
The differences between the short-term and long-term
consequences of H2O2 can be due to either the amount of
oxidized coﬁlin or the dependence of coﬁlin translocation into
the mitochondria on an as-yet unknown factor. By far, most
mitochondrial proteins are encoded in the nuclear genome
and synthesized in the cytoplasm. The mitochondrial import
then requires the mitochondrial translocase machinery.
Cytoplasmic chaperones are crucially involved in the delivery
of hydrophobic proteins. HSC70 has been identiﬁed as one
chaperone that is important for the mitochondrial import.
20
Asimilarmechanismseemstoberesponsiblefortheimportof
oxidized coﬁlin into the mitochondria, as HSC70 enriches at
the boundaries of the mitochondria in oxidation-mimicking
coﬁlin-expressing cells and only the coﬁlin forms mimicking
oxidation efﬁciently co-immunoprecipitate HSC70.
So far, it was assumed that cell death induced upon mito-
chondrial localization of coﬁlin was due to apoptosis.
12,18,28
However, our data clearly show that oxidized coﬁlin induces
the phenotype of necrotic-like PCD, but not that of apoptosis.
It is known that energy depletion causes a switch from
apoptosis to necrotic-like PCD.
29 As oxidation-mimicking
coﬁlin mutants translocate into the mitochondria and
induce necrotic-like PCD and not apoptosis, it is likely that
oxidized coﬁlin interferes with mitochondrial functions and
thus induces energy depletion. In addition, other proteins
like PARP are oxidized under oxidative stress, which
reinforces energy deprivation and forces T cells into necrotic-
like PCD.
30
Figure 8 Knockdownof coﬁlin prevents necrotic-likePCDupon oxidativestress
conditions. (a) T cells were treated with control or coﬁlin-speciﬁc siRNA. The
expression of coﬁlin and actin was assessed in the lysates of these cells. Note that
the mock-transfected cells were undistinguishable from control siRNA-treated cells
(data not shown). (b) A quantiﬁcation of three independent experiments shows that
coﬁlin was efﬁciently knocked down by the siRNA (n¼3; S.E.; **Po0.01). (c) The
inductionofcelldeath (AnnexinV/7-AADstaining)wasanalyzedin controlsiRNAor
coﬁlin-speciﬁc siRNA-treated cells that were either incubated with (black bars) or
without (white bars) H2O2 for 26h (n¼3; S.E.; **Po0.01)
Coﬁlin controls necrotic-like PCD
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Cell Death and DiseaseCell death induced through staurosporine treatment of
human promyelocytic leukemia cells (HL60) and neuro-
blastoma cells (SH-SY5Y)
12 or TGF-b treatment of human
prostate carcinoma cells
28 was also accompanied by trans-
location of coﬁlin to the mitochondria. Although the mecha-
nisms of coﬁlin translocation into the mitochondria after
staurosporine and TGF-b treatment are unknown, it is likely
that this is due to a direct coﬁlin oxidation, as both TGF-b
31
and staurosporine treatment
13 can induce the production of
intracellular ROS. At any rate, the dependence of PCD after
long-term oxidative stress or TGF-b triggering on the
mitochondrial localization of coﬁlin puts this protein in a
central position in controlling immune responses.
Tumor necrosis factor (TNF) triggering can induce
both types of PCD in ﬁbroblasts, that is, apoptotic and
necrotic.
32–35 Induction of necrotic-like PCD is most obvious
inthepresenceofcaspaseinhibition.
35InhumanTcells,TNF,
TNF-related apoptosis-inducing ligand (TRAIL) and even
ﬁbroblast-associated antigen (Fas) are able to induce
necrotic-like PCD.
36 This necrotic-like PCD is dependent on
the expression of the kinase receptor interacting-protein
(RIP). Interestingly, the action ofRIP induces ROSproduction
and, vice versa, ROS scavengers block the TNF-induced
necrotic-like PCD in ﬁbroblasts.
33,37 It is therefore tempting to
speculate that oxidized coﬁlin may also facilitate the caspase-
independent necrotic-like PCD induced by TNF, TRAIL or
Fas in human T cells. The physiological necessity of such an
alternative way of PCD becomes obvious by the fact that
many viruses encode caspase inhibitors.
38 If the organism
would be completely dependent on caspases to clear viral
infections, humans would be defenseless against viruses
that are capable of producing caspase inhibitors.
Materials and Methods
Cell culture, reagents and antibodies. Human PBMCs were obtained
by Ficoll–Hypaque (Linaris, Wertheim-Bettingen, Germany) density-gradient
centrifugation of heparinized blood from healthy volunteers. T cells were puriﬁed
with negative magnetic bead selection using the ‘Pan T-cell isolation Kit’ (Miltenyi
Biotech, Bergisch Gladbach, Germany) as per the manufacturer’s instructions.
MitoTracker staining was performed in complete medium for 30min at 371C.
Unbound MitoTracker was removed by extensive washing. Thereafter, the T cells
were used in the experiments as indicated.
The mouse monoclonal anti-FLAG antibody (clone M2, 0.2mg/ml) and
cytochalasin D were from Sigma-Aldrich (Taufkirchen, Germany); coﬁlin antibodies
were produced in our laboratory; HSC70 antiserum was from Santa Cruz
(Heidelberg, Germany); the CD95 antibody was a kind gift of PH Krammer (DKFZ,
Heidelberg, Germany); Z-VAD-fmk was from Promega (Mannheim, Germany);
7-AAD,AnnexinV andanti-activecaspase-3werefromBDBioscience(Heidelberg,
Germany); Hoechst 33342, MitoTracker Deep Red FM and DilC1(5), as well as
TMRE were obtained from Invitrogen (Karlsruhe, Germany); and PJ-34 was
purchased from Sigma.
Transfection procedures. For cDNA transfection of primary human T cells,
the ‘Human T-Cell Nucleofector Kit’ (Amaxa Biosystems, Cologne, Germany) was
used as per the manufacturer’s instructions.
For siRNA experiments, Jurkat T cells were transfected via electroporation
using the Bio-Rad GenePulser II (Mu ¨nchen, Germany). Cells (10 10
6 in 400ml
PBScontainingCa
2þ andMg
2þ)weremixedwithup to2mgsiRNA(non-targeting
controlsiRNAs andcoﬁlin siRNAs from Dharmacon, Lafayette, Colorado,USA) and
electroporated at 230V and 950mF. Thereafter, they were transferred into 30ml
RPMI 1640 containing 10% FCS and incubated for 48h in RPMI 1640 containing
10% FCS at 5% CO2 and 371C. Then, cells were re-transfected with 2mg siRNA
and incubated at 5% CO2 and 371C in RPMI 1640 containing 10% FCS for 72h
before analysis.
Immunoprecipitation. Immunoprecipitation was essentially carried out as
described.
39 Brieﬂy, post-nuclear lysates were incubated overnight at 41C with
antibodies against the indicated targets or irrelevant control antibodies.
Subsequently, pre-equilibrated protein-G sepharose was added, followed by an
incubation for 1.5h at 41C. The samples were then washed ﬁve times and the
precipitated proteins were solubilized in SDS sample buffer. The precipitated
proteins were separated on SDS-PAGE and detected with speciﬁc antibodies using
western blot analysis as indicated. Alternatively, the gels were stained with
Coomassie blue, the bands excised and the corresponding proteins were identiﬁed
using mass spectrometry at the EMBL core facility (Heidelberg, Germany).
Multispectral imaging ﬂow cytometry. Data acquisition was performed
with an ImageStream (Amnis, Seattle, WA, USA), which is a hybrid system
combining a ﬂuorescence microscope and a ﬂow cytometer. Thus, it allows the
acquisition of several thousand images per sample with a custom-designed  40
objective (0.75 NA). Image data were analyzed using IDEAS 3.0 (Amnis), which
analyzes thousands of images per sample on the single-cell level. As data mining is
performed in an automated batch operation, the data are objective and unbiased.
For the analysis of nuclear fragmentation, a Hoechst33342-dependent image
maskwascreatedthatcoversthebrightest30%ofthenuclearstain.Thismaskwas
used to calculate the area of the nuclear fragments. Moreover, the standard IDEAS
feature ‘bright detail intensity’ was applied, which calculated the background-
corrected intensity of bright spots with a radius of 3 pixels. Nuclear fragmentation
leads to a reduction in the area of the bright nuclear stain and the bright detail
intensity increases.
9,40
The mitochondrial area was calculated as the size of the morphology mask
aroundthemitochondrialstainandthemitochondriallocalizationofcoﬁlinorHSC70
was assessed using the IDEAS similarity feature, which is a log-transformed
Pearson’s correlation coefﬁcient.
14–16
Confocal laser scan microscopy. Confocal laser scan microscopic
analyses were essentially performed as described.
4 Brieﬂy, cells were ﬁxed with
2% paraformaldehyde for 10min at room temperature and subsequently stained
with the indicated antibodies. After staining, digitized confocal images were
generated using a confocal laser-scanning microscope (Leica DMRBE with TCS
NT, Bensheim, Germany) with an  63 objective (1.4 NA).
Transmission electron microscopy. T cells were ﬁxed with a mixture of
2% glutaraldehyde and 4% formaldehyde in 0.1M PHEM buffer, pH 6.9 (60mM
PIPES, 25mM HEPES, 2mM MgCl2, 10mM EGTA). After washing, the samples
were post-ﬁxed with 2% osmium tetroxide/1.5% potassium ferrocyanide for 1h,
washed, contrasted en bloc with uranyl acetate, dehydrated with an ascending
series of ethanol and embedded in glycid ether 100-based resin. Ultrathin sections
were cut with a Reichert ULTRACUT S ultramicrotome (Leica Microsystems,
Wetzlar, Germany). After contrasting with uranyl acetate and lead citrate, they were
viewed with an EM 10 CR electron microscope (Carl Zeiss NTS, Oberkochen,
Germany).
The coﬁlin antibody did not detect its epitope if cells were ﬁxed with higher
concentrations of paraformaldehyde and glutaraldehyde. Therefore, the ﬁxation
conditionswerechangedfor cryo-immunogoldelectronmicroscopy:cellswereﬁxed
with 2% formaldehyde in PHEM buffer, pH 6.9, for 10min. Thereafter, the samples
were quenched with 0.15M glycine, embedded in 12% gelatin, inﬁltrated with 2.3M
sucrose, mounted, frozen and cryosectioned. The sections were picked up using
a1þ1 mixture of 2.3M sucrose in PBS and 2% methyl cellulose in water and
transferredontoPioloform/carbon-coatedgrids.Cryosectionswereblockedwith1%
BSA in PBS for 10min and incubated with anti-coﬁlin antibodies followed by protein
A 15nm gold for 30min. After ﬁxation with 1% glutaraldehyde, the sections were
washed with water and contrasted. Note that the fuzziness of the cryo-immunogold
electron microscopy pictures is owing to the mild ﬁxation.
Analysis of life/dead and mitochondrial membrane potential
using ﬂow cytometry. The cells (2 10
5/200ml) were incubated with or
without the mitochondrial membrane potential dye DilC1(5) (25nM) or TMRE
(500nM) for 15min at 371C. Two washing steps then removed the excessive dye.
Thecellswereincubatedin200mlRPMI1640containing10%FCSfortheindicated
time points at 5% CO2 and 371C in the presence or absence of H2O2 or 1mg/ml
CD95 antibodies. The cells were spun down, the supernatant aspirated, the cell
pellet suspended in 50ml 7-AAD and Annexin V-containing buffer (10mM HEPES/
NaOH, pH 7.4, 140mM NaCl, 2.5mM CaCl2) and incubated for 20min at room
Coﬁlin controls necrotic-like PCD
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Cell Death and Diseasetemperature. After extensive washing, the cells were analyzed with an LSRII (BD
Bioscience).
Statistics. The statistical analysis was performed with GraphPad Prism version
4.00 (La Jolla, California, USA). The two groups were compared using t-test or
paired t-test for matched observation.
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